I. INTRODUCTION
In the past few decades, III-V semiconductors have generated intensive research interest owing to their special physical properties, and are widely expected to candidates for the next-generation devices of transistor [1, 2] , photovoltaic [3, 4] and light-emitting diode [5] . For example, the large electroninduced refractive-index change and low carrier-plasma absorption make III-V semiconductors have much larger transmission capacity than silicon photonics Mach-Zehnder modulators [6, 7] . In addition, the indirect band gap of silicon, tremendous limitation of Si-based optoelectronic devices, can be overcome by the direct bandgap of some III-V semiconductors, which have also been in the development stage [8] [9] [10] [11] [12] [13] [14] . Gallium arsenide (GaAs) is just outstanding among III-V semiconductors. It has a theoretical maximum one-sun energy conversion efficiency of 33.5% [15] , which can be further improved by the GaAs-based lattice-mismatched III-V semiconductors [16] . The researches about GaAs also refer to the spintronics [17] [18] [19] [20] , such as the spin Hall effect [21] , ferromagnetic order [22] and dynamic nuclear polarization [23] . Furthermore, the Dirac bands have been observed in artificial graphene of GaAs quantum wells [24] , which spreads its area of application.
Very recently, cubic boron arsenide crystal BAs, one member of III-V semiconductors, has been experimentally isolated by the chemical vapor transport method with high purity source materials and has good prospects in research owing to its high thermal conductivity [25] [26] [27] . The average bulk value of ∼1000 W/m·K at room temperature is far above that of common metal materials and semiconductors in current main heat-removal systems, such as the value of 400 W/m·K in copper. By comparing experiments with previous theoretical predictions [28] [29] [30] [31] , the most compelling reason of high thermal conductivity is the large acoustic-optic gap in the phonon spectrum, which effectively limits the three-phonon scattering process. In short, high thermal conductivity makes BAs have * yongliu@ysu.edu.cn immense potential in the next-generation electronic, optoelectronic and other devices.
The electronic transport, one of important physical properties, is worth serious study in order to realize the future application potential of BAs. Due to the high carrier mobility in other III-V semiconductors, the similar high-performance electronic transport is naturally expected in BAs. Here we investigate the influence of electron-phonon coupling on the electronic transport in BAs family (BAs, BSb, AlAs, and AlSb) as well as the modulation effect of pressure. The calculations of electronic structures demonstrate that all four materials are the semiconductors with indirect bandgap. After electron doping, the main electron-phonon coupling occurs at the high frequency optic phonon modes in BAs, AlAs, and AlSb, but the acoustic phonon modes of BSb. Among them, BAs has the weakest electron-phonon coupling. For the case of hole doping, the four materials all have strong electron-phonon coupling, and only focus on the high frequency optical phonon modes around Γ point. By comparing all the various cases, the N-type carrier mobility of BAs is as high as 1740 cm 2 /V·s. In addition, the introduction of pressure mainly affect the phonon with frequency increasing, thus make electron-phonon weaken. It is very important that the mobility of N-type carrier in BAs is up to 4300 cm 2 /V·s under the pressure of 50 GPa.
II. METHODS
The calculation is based on the semiclassical Boltzmann transport theory. Details of theory can be found in Ref. 33 . The transport electron-phonon coupling constant λ tr can be obtained by,
where α 2 tr F(ω) is transport spectral function [33] ,
where α (β) indicating the directions and set to x in the isotropous BAs family. The relaxation time τ can be derived by solving the Boltzmann equation in the lowest-order variational approximation (LOVA) as,
Thus, the temperature dependence of mobility µ(T ) can be obtained by
where v 2 x is the average square of the Fermi velocity along the x direction and n is the carrier doping concentration. Technical details of the calculations are as follows. All calculations, including the electronic structures, the phonon spectra, and the electron-phonon coupling, were carried out using the ABINIT package [34] [35] [36] [37] with the local-density approximation (LDA). The ion and electron interactions are treated with the Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials [38] . The kinetic energy cutoff of 550 eV and the Monkhorst-Pack k-mesh of 24×24×24 were used in all calculations about the electronic ground-state properties. The phonon spectra and the electron-phonon coupling were calculated on a 8×8×8 q-grid using the density functional perturbation theory (DFPT) [46] . Because of the original semiconductor of BAs, carrier doping was necessary for the study of electronic transport properties and tuned by shifting the Fermi level in the rigid-band approximation [47] .
III. RESULTS
A. Phonon-limited carrier mobility The lattice structure of BAs family is a face-centered cubic structure with space group of F43m as same as GaAs. In our calculations, the lattice constants are 4.81, 5.32, 5.70, and 6.28Å for BAs, BSb, AlAs, and AlSb, respectively. The band structures show that they all have indirect bandgap with valence band maximum (VBM) at Γ point and the conduction band minimum (CBM) around X point [ Fig. 1 ]. As the increase of atomic amass, the value of indirect bandgap change significantly and the conduction band around Γ point also has a massive drop, as summarized in Tab. I. The main reason is that the elongate lattice constant for the cases of heavy atom makes energy of anti-bonding state at conduction band around Γ point reduce, such as, AlSb has been closer to direct bandgap [ Fig. 1d ]. In order to study the electronic transport in semiconductor BAs family, N-type and P-type carriers are both considered in the present work. Figures. 2 and 3 are the phonon spectra with phonon linewidths for electron and hole doping, respectively. First, the absent of imaginary frequency in four materials ensures the dynamics stability of lattice structures. And it is natural that there are also significant effect of atomic amass on the lattice vibration. When the atomic amass increases, the phonon frequencies decrease remarkably, such as the highest frequency dropping from 760 cm Fig. 2 ]. In addition, the size of red error bar plots the magnitude of the phonon linewidths, which denotes the contributors of electron-phonon coupling.
For the electron-doping case, it is evident that three high frequency optical phonon modes of BAs have much larger phonon linewidths than that of acoustic phonon modes. Because the CBM of BAs deviates X point slightly, the phononassisted electronic scattering processes are various and complex, thus the large phonon linewidths locate around X, K and U points [ Fig. 2(a) ]. But the exact opposite occurs in BSb, where the acoustic phonon modes around 200 cm −1 has large phonon linewidths, as shown in Fig. 2(b) . Moreover, AlAs and AlSb both have the large phonon linewidths locating at the optical phonon modes only around X point. The results of hole-doping case reveal the larger phonon linewidths than that of electron doping [ Fig. 3 ]. The region of dominating electron-phonon coupling also has a very significant change and focus on the Γ point in the all four cases. Basing on the above electron-phonon coupling, we obtain the relaxation time τ in the Boltzmann theory of electronic transport. Figure. 4(a) shows the relaxation time τ of N-type carriers versus temperature at n e = 0.6×10 21 cm −3 . It is observed that BAs has the longest carrier relaxation time and AlSb has the shortest value in the temperature range of 100 ∼ 550 K. At room temperature, the N-type carriers in BAs has relaxation time τ of ∼ 200 fs even up to the order of picoseconds at 100 K. The main reason is analyzed by using phonon spectra with phonon linewidths. For the BAs, AlAs, and AlSb, although the optical phonon modes contribute the main electron-phonon coupling, the lower frequency from the heavier atomic amass (AlAs and AlSb) lead to the increase of integral transport spectral function in λ tr and the inverse of relaxation time τ −1 [Eq. 1 and 4]. In a similar way, the relatively small phonon linewidths of the acoustic phonon modes in the low frequency region make BSb also have short relaxation time. In addition, the relaxation times of P-type carriers are much shorter than that of N-type carriers [ Fig. 4 ] because of the strong coupling between the electrons and the phonons around Γ points [ Fig. 3 ]. And the void between variation curve of τ for B-systems and Al-systems under the holedoping condition also derives the shift downward in frequency due to the heavy atom. According to the equation of mobility [Eq. 5], we estimate the electronic transport properties of electron and hole doping in BAs family at room temperature. As shown in Fig. 5 , the mobility µ of N-type carriers has much higher values than that of P-type carriers, due to the weaker electron-phonon coupling of electron doping [ Fig. 2 and 3] . And µ has a monotonous downward trend versus the carrier concentration, as the result of the more density of electronic states (DOS) more stronger electron-phonon coupling at the high doping concentration. It is found that N-type and P-type carriers of BAs have µ of 1740 and 726 cm 2 /V·s at n = 0.1×10 21 cm −3 , respectively. The results of electron-doping BAs also in agreement with the previous work [32] , but a difference exists in the case of hole doping, which is higher performance than electron doping in Ref. 32 . We hold the opinion that the doping concentration is key factor. Considering the high degenerate at VBM [ Fig. 1] , the high doping concentration will lead to the large DOS so increases the electron-phonon coupling obviously. For other cases in the present work, the stronger electron-phonon coupling than BAs lead to the low values of mobility, such as the 
B. Pressure effect
In order to improve the electronic transport of BAs family, we also systematically study the effect of pressure on the electron-phonon coupling. In the band structures, it's worth noting that the effect of pressure is particularly reflected in the conduction band around Γ point because the change of lattice constant under pressure influences the anti-bonding state [ Fig. 6 ]. But the global indirect bandgap is impacted minimally [Tab. I].
However, the pressure has greater influence on the phonon spectra. First, the bond length shortens under pressure, also covalent bond energy increasing, which makes frequencies rise in the entire phonon spectra, as shown in Fig. 7 . Due to the insignificant change of band structure, the regions of large phonon linewidths of electron-doping BAs under 50 GPa also focus on the three points of X, K, and U in the high frequency optical phonon modes. For other materials, the region of electron-phonon coupling is same as the case of zero pressure [ Fig. 7 ], which also occurs in the case of hole doping. Contrary to the effect of heavy atom, the increase of phonon frequency under pressure is to the benefit of weakening the electron-phonon coupling [Eq. 1], so the pressure further boosts the electronic transport performance. As shown in Fig. 8 , the blue shift of peaks of high frequency in the transport spectral function is in consistent with the phonon hardening under pressure. And for the electron doping, the peak at low frequency also shift clearly, just opposite to the little change in the hole doping. So the enhance-effect of pressure on the N-type carrier mobility is more noticeable than that of P-type carrier [ Fig. 9 ]. As plotted in Fig. 9(a) , the pressure of 50 GPa can improve the N-type carrier mobility of BAs from 1740 up to 4300 cm 2 /(V·s) when n e = 0.1×10
There are also promotions of mobility for other cases by the pressure, which are much more inconspicuous than that of BAs yet.
IV. DISCUSSION
In the present work, we have investigated the phononlimited electronic transport in BAs family (BAs, BSb, AlAs, and AlSb). The electronic structures shows that all four materials have indirect bandgap in the visible region thus electron and hole doping are needed to be considered in order to obtain the carrier mobility. First, in the condition of electron doping, it is found that the main electron-phonon coupling occurs at the high frequency optic phonon modes in BAs, AlAs, and AlSb, but the acoustic phonon modes of BSb. Because the heavy atom make the phonon frequency drop (AlAs and AlSb) or low frequency phonons contribute the electron-phonon coupling (BSb), the three materials apart from BAs have strong electron-phonon coupling, which also occurs the four materials under the hole doping. The results shows that BAs has the N-type carrier mobility of 1740 cm 2 /V·s under pressureless condition.
In addition, the introduction of pressure has little overall effect on the electronic structure around the bandgap. But the enhancement of bonding energy under pressure leads to the phonon hardening, which is favorable to weaken electronphonon coupling. Thus, it's discovered that the pressure can boost the electronic transport performance of four materials even further. Especially the N-type carrier mobility of BAs is as high as 4300 cm 2 /V·s under the pressure of 50 GPa, far exceeding the vast majority found semiconductors, which is great significance to the current semiconductor industry. Furthermore, the phonon spectra under pressure also has a large frequency gap between acoustic and optic phonons, which is the key factor for the high thermal conductivity in BAs as previously mentioned, so that pressure does not negatively impact the thermal transport. The present results illustrate that the effective enhancement of pressure on mobility in BAs family still with high thermal conductivity and provide basis of theoretical calculation for the future experiments.
